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ABSTRACT

This report covers in detail the solid state research work at Lincoln
Laboratory for the period 1 May 1965 through 31 July 1965. The topics
covered are Solid State Device Research, Laser Research, Materials

Research, and Physics of Solids.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Photoluminescence spectra of bulk InSb pumped with the output from a GaAs laser have
been used to identify the band-to-band radiative transition as well as transitions from
the conduction band to zinc acceptor levels and to cadmium acceptor levels. Diode
lasers, as well as optically pumped n-type bulk lasers, have involved band-to-band
emission. Optically pumped p-type bulk lasers have been fabricated from cadmium-

doped samples and have involved transitions to the cadmium acceptor levels. The

most efficient material for optically pumped bulk-laser action has been pure n-type

(n= 1014cm-3). Pumping a surface at right angles to the cavity axis produced beam

angles which imply active regions of about 40 in diameter. Thus, although the GaAs
radiation is expected topenetrate only about 1p into the InSb, the diffusion length of the
electrons and holes is such that the recombination region spreads over a much greater
volume. Greater efficiencies and lower thresholds have been obtained by decreasing
the sample thickness. If the surface recombination can be kept low, with thicknesses
shorter than a diffusion length, much larger equilibrium densities can be obtained for
a given incident pump flux density, and some of the lossy regions are eliminated from
the material. For a 50-p sample, the threshold for laser action (converting the ab-
sorbed power into an equivalent injection current) at 10°K corresponded to about
100 ampcm_z, a factor of 10 less than that obtained with InSb diode lasers without a
magnetic field. Because the surfaces of the sample were etched to keep surface re-
combination low, they are quite rough and the beam angles have exceeded the dewar
window aperture; however, the external quantum efficiency of the spontaneous emis-
sion, assuming that the sample radiates isotropically (no deviation was measurable
over the one-steradian optical access), is about 50 percent. It is apparent that the
large diffusion lengths, although they may limit the threshold power density may be
used to obtain laser action from large volumes and with a longitudinal type structure —
with the pumping beam incident upon one large area face of a semiconductor and the

laser emission emerging from the opposite, parallel face.

Present InAs diode lasers which emit near 3.1 (band-to-acceptor line) have external
quantum efficiencies of about 12 percent and threshold current densities of about
300 amp cm-2 at 11°K, and they can be operated continuously with currents of several
amperes. With magnetic fields of several kilogauss applied perpendicular to the diode
current, the threshold hasbeen further reduced and the efficiency increased to as much
as 25 percent. This enhancement of emission is shown to be associated with a de-
crease of injected carrier diffusion in the magnetic field which produces a more com-
pact active region. The threshold increases nearly exponentially with temperature up

to 150°K, the highest temperature for InAs laser action at present.




The output wavelength of the coherent and spontaneous emission from PbSe diode lasers
operating at 77°K has been tuned from 7.3 to 11.2 p by applying hydrostatic pressure up
to 7 kilobars. The pressure variation of the photon energy of the emitted radiation is
—-8.50 x 10_6 ev/bar, in substantial agreement with the pressure coefficient of -9 x
10-6 ev/bar of the optical absorption edge. As in the case of magnetic and temperature
tuning, pressure tuning of the laser emission involves small changes in the wavelength
of the excited cavity modes and switching of these modes, so that the dominant mode
varies as above. The individual modes shift at the rate of 2.5 x 10.6 ev/bar at 400 bars
and 1.6 x 10-6 ev/bar at 6.5 kilobars. This shift, which is due to the change in optical
length of the Fabry-Perot cavity, corresponds to a relative variation (1/n) (dn/dP) of
about 1.3 X ]0—5 bar-l. With diode current held constant, we have observed no signif-
icant change in intensity of the coherent or spontaneous emission with pressure. Ex-
tension of this work to 13 kilobars, the freezing pressure of helium at 77°K, should be
a straightforward task requiring the development of a suitable window transparent to
about 21 . Higher pressures will require new techniques, but we feel that extension
to 20 kilobars, the pressure at which the energy gap of PbSe is expected to close at

77°K, is possible.

Magnetoemission experiments reported previously for PbSe and PbTe diode lasers have
been further refined and also have been extended to PbS diode lasers. For these PbS
diodes, the shift in the spontaneous emission peak with magnetic field is consistent
with a value for the reduced effective mass of 0.05 m,, and g values |gv| = 7.0 and
|gc| =11.5, all values being for the [100] direction. From the shift of the individual

modes with magnetic field, the magnetodispersion (9n/aH for PbSe and PbTe are,

6 -1

-6 -1 ~ [100])E
respectively, —1.3x10 “gauss ~and —1.2X10 ~gauss

Experimental results of the Gunn effect in n-GaAs support the transferred electron
model of Ridley and Watkins as the model for this effect. The bulk negative resistance
that results if the transfer occurs rapidly enough asthe electric field is increased leads
to the formation of domains of different electrical conductivity which move through the
sample. The shape of the current vs time waveform for the longer samples (£~ 100 to
1000p) — sharp spikesin current separated by flat valleys in current — and the observed
independence of threshold electric field (2300 to 4000 volts/cm) on sample length are
consistent with a negative resistance model. The value of electric field which charac-
terizes the regions of high conductivity, about 1500 volts/cm, is independent of sample
length as expected. In addition, the voltage acrossthe high electric field domain scales
with sample length, also as expected, and the value of electric field which characterizes
the regions of low conductivity is estimated to be 260,000 volts/cm. The effects of
temperature on the threshold electric field and threshold electron drift velocity are
consistent with the transferred electron model. For short samples (¢ ~ 25 to 100p), a
sinusoidal current vs time waveform is seen, and for samples in the 100-p length
range, the sinusoidal mode is seen near threshold and the spike mode is seen well
above threshold. Although the sinusoidal mode is not predicted by the simplest form

of the model, the effects of magnetic field and termination impedance on this mode are
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consistent with the interpretation of this mode as a longitudinal disturbance caused by
a negative resistance. The Gunn effect has also been observed in n-CdTe, and resist-
ance vs hydrostatic pressure experiments show that the transferred electron model is
a reasonable explanation for this material as well. Finally, the absence of an instabil-
ity in n-InSb and n-InAs is shown to be consistent with the detailed band structure of

these materials and the transferred electron model.

II. LASER RESEARCH

Laser beam perturbation of the refractive index of absorbing media has been further
studied. In the recent work, ammonia gas is used in place of the liquid material pre-
viously studied. By utilizing a neodymium laser for the perturbing beam and a pulsed
argon laser as the interferometer source, the fringe shift, or change in optical path-
length, has been correlated with the energy deposition across the area of the neodym-
ium beam. The measured changes in index of refraction are approximately 1.7 times
greater than would be predicted from a simple theory. Q-switched operation of the ne-
odymium source leads to similar results, indicating that the fringe shifts are deter-
mined only by the total energy deposited and are not power dependent.

Electron densities in an argon ion laser have been measured by observation of the
Stark broadening of particular neutral argon lines. Densities of 1013 to 1014 cm_3
have been measured over the range of currents used. These densities have in turn
been correlated with the stimulated and spontaneous emission and the voltage across

the tube.

The high pressure mercury laser system has been further tested without successful
oscillation. The negative results are attributed to insufficient gain as calculated from

the measured spontaneous emission.

The photocurrent spectrum and photoelectric counts produced by a gaseous laser have
been measured. In using a semiclassical theory of the van der Pol oscillator, we find
good agreement between the experimental and theoretical values of the three lowest

order factorial moments of the photocount distribution.

Multiple stimulated Brillouin scattering has been measured in quartz by using a ruby
laser. As many as six successive Brillouin shifts have been observed as a result of
iterative scattering and reamplification in the ruby rod. Only Stokes waves are gener-
ated in the experiment, which can be explained by considerations of the Brillouin con-

version efficiency and ruby gain.

III. MATERIALS RESEARCH

Single crystals of zinc aluminate doped with approximately 0.1 percent Co+2 have been

grown from a flux of lead oxyfluoride. The crystals, which are blue and transparent,
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will be used for measurements of the nuclear hyperfine field of tetrahedrally coordi-

nated Co+2 .

Conductivity measurements have been made between 120° and 670°K on single crystals
of LavVO

magnetic susceptibility measurements are being made on powders prepared from the

3 and YVO3 obtained by slow cooling of the melts in iridium crucibles, and

.o +3 . .
crystals. The data indicate that the t2g state of V . in these rare-earth perovskites
exists as discrete levels, without the formation of bands. Preliminary results indicate

the existence of an antiferromagnetic transition in La’\/O3 at TN ~ 135°K.

According to a tentative stability diagram which has been obtained for perovskite

phases in the La-Mn-O system, these phases exist over wide ranges of composition.
+ . .

The diagram shows that the amount of Mn g in a particular sample depends sensitively

on the conditions of preparation as well as on the ratio of lanthanum to manganese.

The results of high temperature x-ray diffraction measurements on powdered LaCoO3
show that the semiconductor > metal transition which occurs at 1210°K is accompanied
by a change in space group from R3 below this temperature to R3m above it. Between

600° and 1210°K, the degree of order increases with increasing temperature.

The accuracy with which crystallographic parameters can be calculated. from x-raydif-
fraction data has been markedly improved by applying the simplex method for mini-
mizing the differences between experimental and computed values of observable quan-
tities. Computer programs that use this method have been written for calculating cell

edge values from 20 data and for calculating atom positions from line intensity data.

Crystallographic parameters for 10 spinels of the type ACr2X4 (where A = Mn, Fe, Co,
Cu, Zn, or Cd; and X = O, S, or Se) have been calculated by the simplex method from
x-ray diffraction data on powdered samples. Comparison with neutron diffraction re-
sults indicates that standard x~-ray powder measurements canyield crystallographic pa-

rameters comparable inaccuracy to those obtained by neutron diffraction experiments.

In order to obtain calibration data for determining selenium partial pressures over
HgSe(c) and other binary selenides, the optical density of selenium vapor in equilib-
rium with pure liquid selenium has been measured between 1900A and 2.0p for total

selenium pressures between 7 X 10-5

and 1.0atm. The partial pressures of Se2 ob-
tained from the data agree closely with those calculated from the dissociation constants

for Se4, Se6, and Se8 reported by Illarionov and Lapina.

The resistivity and Hall coefficient of oriented T1203 single crystals have been meas-
ured between 4.2° and 390°K at magnetic fields between 8 and 170kG. Neither prop-
erty changes appreciably with sample orientation. This lack of anisotropy isinconsist-
ent with a proposed band model which ascribes band formation near the Fermi level

exclusively to direct cation-cation interactions.

The similarity between high pressure InSb(IlI) and 3-Sn is being explored by studying
the InSb(Il)-In system in order to compare its properties with those of the Sn-In sys-
tem. Initial measurements on InSb(II)l_x (ZIn)x samples with x between 0.1 and 0.5

suggest the existence of a phase analogous to the tin-rich y~phase in the Sn-In system.
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. + . . .
Experiments on CaFZ:Dy & lasers that contain different concentrations of Y have shown
+2 + q
that Y “ quenches the fluorescence of Dy g and therefore raises the threshold for laser
action. The results of fluorescent lifetime measurements show that quenching is due

k2

to resonant energy transfer between the 5I7 level of Dy+2 and excited t, levels of Y ~.

2g

IV. PHYSICS OF SOLIDS

Reflectivity measurements in single crystals of Re03 in the vicinity of 2.3ev indicate
a steep plasma edge which is reminiscent of silver and which may therefore arise from

a similar mechanism, namely, competing intraband and interband processes.

Oscillatory magnetoabsorption and Faraday rotation studies at 1.5°K and up to mag-
netic fields of 103kG are being carried out in single crystals of a number of semi-
conductors. The indirect edge is being examined in germanium, and oscillatory effects

due to direct transitions are being studied in GaSb and GaSe.

In the continuing optical study of sulfur-doped silicon, a fourth impurity center has
been found, in addition to those previously reported. This center, which is presumed
to be due to pairs of neutral sulfur atoms, exhibits a spectrum under stress with un-

expected extra splittings.

A more direct determination of the spin-orbit band splitting €so has been made in
graphite by use of the magnetoreflection data. The result €0 = 0.005 + 0.002ev is
greater by at least one order of magnitude from previous estimated values but com-

parable to that measured in diamond by Rauch, €50 = 0.006ev.

A study of the behavior of the excitation spectra of group III impurities in germanium
under uniaxial stress has been completed. The various experimental lines have been
identified from line intensities and polarization effects. Deformation potentials for the

valence band have been determined.

Measurements of the microwave surface impedance in p-type PbSe, in the Azbel-Kaner
geometry, as a functionof magnetic field at 70kMcps have indicated complicated hybrid
resonances as well as magnetoplasma effects. In order to simplify the data and hence
the theoretical interpretation, a new cavity is being constructed which should provide a
better control between the relative orientations of the RF electric field and the DC

magnetic field.

Helicon wave propagation is being studied in single crystals of PbTe at 9kMcps and
4.2°K, and with magnetic fields up to 10kG. The measured anisotropies of the com-
plex propagation vector should provide information on the effective mass and collision

time anisotropies.

The microwave phonon generation work at 70 kMcps is continuing. By using a combi-
nation of a better sample, as well as an improved cavity, the number of echoes which
can be observed has been doubled so that now eight to ten echoes are observed; thus
the T4 temperature dependence of the attenuation in x-cut quartz has been confirmed

with an improved accuracy.




The propagation of microwave phonons (9kMcps) is also being studied in pure semi-
conductors at low temperatures where electron-phonon scattering is the predominant
hypersonic attenuation mechanism. Extremely sensitive measurements can be made
of the magnetic field dependence of both the attenuation and velocity. The performance
of the microwave detection system has beenverified by using GaAs single-crystal sam-

ples and also x-cut quartz.

The spin wave dispersion experiments onpermalloy (63 percent nickel-37 percent iron)
films have been extended to low temperatures. These studies, which have now been
carried out at 4.2°, 77°, and 298°K on the same sample, indicate that the long-range
interaction distance is approximately one order of magnitude larger than the nearest-
neighbor distance and that the coefficient of the quartic term is roughly (within 20 per-

cent) temperature independent.

Magnetic studies are being extended to chromium spinels with nonmagnetic A-sites.
One interesting material being measured is the cubic spinel CdCr25e4 which has been
found to be ferromagnetic and also nonconducting. Thus, this compound offers a
rather unique theoretical opportunity for comparison with the Heisenberg model of

ferromagnetism.

Studies are being made of the variation of thermoelectric power with hydrostatic pres-

sure in extrinsic n-type HgSe, HgTe, and HgSexTe . alloys. These measurements

1

are being used to supply evidence for the relative ordering of the 1"6 and T,

3 energy

states.

The numerical calculation, for T = 0°K, of the magnetic field dependence of the en-
ergy and linewidth of the transition between then = 0 and n = 1 Landau levels of a pie-
zoelectric polaron has been completed; the effect is found to be very small. However,
a similar evaluation for the optical polaron indicates a considerably larger nonlinear

magnetic field dependence which may be experimentally observable.

The nonrelativistic augmented plane wave (APW) technique has been used to calculate
the electronic band structure of the rare-earth metals gadolinium, thulium, and lan-
thanum, and also palladium metal. The rare-earth calculations account for the band-
width of the 4f band in gadolinium as measured in photoemission experiments and also
the exchange splittings of the s-d conduction bands. Further predictions have been
made concerning the expected optical properties in the visible and ultraviolet. In pal-
ladium, a Fermi surface consisting of two hole surfaces and a compensating electron
surface has been calculated; good agreement is found with the results of de Haas-

van Alphen data.

It has generally been assumed that the Hartree-Fock ground state of closed shell atoms
and atomic ions alwayshas the lS symmetry of the exact ground state, although the as-
sumption has recently been questioned. It is shown here that this assumption is not
generally correct. This implies that Hartree-Fock theory for such systems should
now be reinvestigated and raises .fundamental questions about the meaningfulness of
"correlation" corrections as usually defined, and hence about criteria for the impor-

tance of such corrections.
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I. SOLID STATE DEVICE RESEARCH

A. InSbh PHOTOLUMINESCENCE WITH IMPROVED QUANTUM EFFICIENCIES

Although we have operated InSb diode lasers without a magnetic field, the quantum efficien-
cies have been low (about 0.5 percent). InSb diode lasers reported thus far have involved band-
to-band emission, whereas the efficient diode lasers of GaAs and InAs have involved an acceptor
level. In an attempt to find an efficient transition in InSb, studies of the spontaneous emission
were performed. As a result, improved quantum efficiencies were obtained by using optical
pumping of homogeneous materials.

Studies of the photoluminescence spectra of InSb at about 10°K have yielded results as shown
in Fig.I-1. The InSb samples for these spectra were about 250  thick, and the luminescence
corresponds to that emitted from the same surface which was pumped by a GaAs diode laser.
The figure shows spectra for three n-type and two p-type samples. The solid-line spectra, which
correspond to the n-type samples, are due to band-to-band emission. The two samples with
n = 1014 cm-3 and n = 101 cm-s have produced laser emission both with p-n junctions and by
optical pumping. The two lines corresponding to the zinc- and cadmium-doped samples, shown
here for the bulk material, were not observed in our diffused diode emission spectra. With
optical pumping, the zinc line even appears in our undoped n-type sample (n = 1014) but becomes
masked by the tail of the band-to-band emission line which grows at a much greater rate as the
pump power is increased. Because we are able to observe these lines with optical pumping, we
may conclude that the zinc-diffused diodes involved injection into the n-type material. Optical
pumping has allowed us to obtain laser emission involving the cadmium level of Fig.I-1; how-
ever, the power levels have thus far been in the few milliwatt range.

In looking for the most efficient material, we placed these various samples on a rotating
heat sink so that each sample could be pumped in turn. Plots of the photoluminescence intensity
vs pump power intensity were obtained and are shown in Fig.I-2. From the linewidth results of
Fig.I-1 and the relative external efficiencies shown here, it would appear that the n-type mate-
rial with n = 1014cm-3 should yield the lowest thresholds for laser emission. We also note that
there is some super-linear behavior in the output of the sample made from this pure InSb. With
large competing processes for recombination, the luminescence output should be proportional
to the product of the electrons and holes. With the low extrinsic concentration, our available
pump power density may be sufficiently large so that this effect can be observed.

Besides the particular transitions involved, there is another factor that limits the threshold
power density and, poss<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>